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The antidepressant ﬂuoxetine and physical exercise exert similar effects on the serotoninergic system by
increasing brain serotonin availability, and both show antagonistic action on cortical excitability. Here we
provide the ﬁrst assessment of the interaction of the two together on cortical spreading depression (CSD)
in young adult rats. Wistar rats (40–60 days of life) received ﬂuoxetine (10 mg/kg/d, orogastrically) or an
equivalent volume of water. Half of the animals from each condition were assigned to perform physical
exercise in a treadmill, and the other half formed the sedentary (non-treadmill) control groups. Body
parameters (Lee index and thoracic and abdominal circumferences) and the velocity of CSD propagation
were investigated. Fluoxetineþexercise animals had less weight gain (78.6873.19 g) than either the
ﬂuoxetine-only (93.3474.77 g) or exercise-only group (97.0473.48 g), but body parameters did not
differ among them. The velocity of CSD propagation was reduced in the ﬂuoxetine-only and exercise-only
groups compared to sedentary water controls (3.2470.39 mm/min). For the ﬂuoxetineþexercise group,
CSD velocity values were signiﬁcantly lower (2.9270.22 mm/min) than for ﬂuoxetine only
(3.0370.35 mm/min); however, they were similar to values for the exercise-only group
(2.9670.23 mm/min). These ﬁndings conﬁrm the similar effects of ﬂuoxetine and exercise and suggest a
greater effect of physical exercise in reducing brain excitability.
& 2015 Elsevier B.V. All rights reserved.1. Introduction
Serotonin, or 5-hydroxytryptamine (5-HT), is a neuro-
transmitter that is widely distributed in the central nervous sys-
tem. This monoamine is important in many behaviors, including
sleep, appetite, memory, sexual behavior, neuroendocrine func-
tion, and mood (Sghendo and Mifsud, 2012). It also interferes in
food behavior, promoting satiety and reducing body weight
([Guimarães et al., 2006,Voigt and Fink, 2015]) and seems to de-
crease brain excitability ([Pardo-Peña et al., 2014,Tarlaci, 2009]).
The selective serotonin reuptake inhibitor (SSRI) ﬂuoxetine is
an antidepressant that increases brain serotonin availability (Qu
et al., 2009). Because of some reports that physical exercise also
increases brain serotonin (Lan et al., 2014; Meeusen et al., 1996),
physical exercise could be suggested as a less expensive strategye Farmacologia, Centro de
buco. Av. da Engenharia, S/N
: þ55 81 2126 8976.
elle Costa Monteiro),
. Amâncio-dos-Santos).for the same result.
A relationship between serotonin and brain excitability has
been reported with other SSRIs (Amâncio-dos-Santos et al., 2006;
Guedes et al., 2002). Citalopram can reduce the occurrence of
spontaneous high-frequency oscillations that occur in epileptic
seizures (Pardo-Peña et al., 2014). Escitalopram promotes a de-
creased frequency, duration, and intensity of episodes of migraine
(Tarlaci, 2009). Additionally, serotonin exerts an antagonistic effect
on cortical spreading depression (CSD) ([Amâncio-dos-Santos
et al., 2006,Amâncio-dos-Santos et al., 2013,Guedes et al., 2002,
Read and Parsons, 2000]). CSD has been described as a slowly
propagating wave of depression of spontaneous cortical electrical
activity that occurs with chemical, electrical, or mechanical sti-
mulation of one point of cortical tissue (Leão, 1944). The CSD wave
consists of reducing (“depression”) of the electrical activity of
brain tissue that spreads (“spreading”) concentrically and re-
versibly (Leão, 1944). Simultaneous with the depression of spon-
taneous electrical activity, a slow direct-current (DC) potential
change (SPC) appears in the cortical region where the CSD is ob-
served, and this “all or none” signal clearly marks the beginning
and the end of the phenomenon (Leão, 1947). Thus, the SPC is
H. Mirelle Costa Monteiro et al. / European Journal of Pharmacology 762 (2015) 49–5450widely used to calculate the velocity at which the CSD propagates
through the nervous tissue (Guedes et al., 2004).
We previously showed that administration of ﬂuoxetine during
development dose-dependently impairs CSD propagation. Wistar
rats treated with ﬂuoxetine (10 mg/kg, s.c.) showed a reduction in
CSD propagation velocity. However, a dose of 20 mg/kg had an
even stronger effect (Amâncio-dos-Santos et al., 2006). Ad-
ditionally, the effect of physical exercise on CSD was also in-
vestigated. Rats performed physical exercise on a treadmill during
early phases of development, at adulthood, or during senescence.
At all ages, an antagonistic effect of exercise on CSD was observed
(Batista-de-Oliveira et al., 2012; Monteiro et al., 2011). These data
led us to ask the following questions: (1) Can physical exercise
potentiate the effect of 10 mg/kg ﬂuoxetine on CSD? (2) Do
ﬂuoxetine administration and physical exercise inﬂuence CSD
propagation in young adulthood? (3) Do physical exercise and
ﬂuoxetine administration interact and inﬂuence body parameters?2. Methods
2.1. Animals and experimental groups
Male Wistar rats were handled in accordance with the “Prin-
ciples of Laboratory Animal Care” (National Institutes of Health,
USA) and the norms of the Ethics Committee for Animal Research
of the Universidade Federal de Pernambuco. They were reared in
polyethylene cages (51 cm35.5 cm18.5 cm) in a room main-
tained at 2271 °C with a 12- h light:dark cycle (lights on at 6:00 a.
m.) and free access to water and rodent laboratory chow diet
(Presence Nutrição Animal, São Paulo, Brazil). At 40–60 days of life,
the animals were assigned to one of the following groups: se-
dentary and treated with vehicle (distilled water control; water-
only group); exercised and treated with vehicle (exercised-only
group); sedentary and treated with ﬂuoxetine 10 mg/kg/d (ﬂuox-
etine-only group); and exercised and treated with ﬂuoxetine (ex-
ercisedþﬂuoxetine group).
2.2. Fluoxetine administration and the treadmill exercise protocol
Animals were administered orogastrically either 10 mg/kg
ﬂuoxetine hydrochloride (Medleys) or an equivalent volume of
distilled water. The total volume administered in each gavage was
1.0 ml/d. Following gavage, rats in the two exercise groups were
submitted to moderate exercise on a treadmill (model ET 2000,
Insight Equipamentos Cientíﬁcos, Ribeirão Preto, Brazil, 0° in-
clination) (Batista-de-Oliveira et al., 2012; Gomes da Silva et al.
2010). Periods of treadmill exercise lasted 3 weeks, 30 min per day,
in 5 weekly sessions (one session per day). The treadmill running
velocity was set at 5 m/min during the ﬁrst week; during the
second and third weeks, the velocity was increased to 10 m/min
and 15 m/min, respectively (Monteiro et al., 2011). Rats from the
sedentary groups (water-only and ﬂuoxetine-only groups) were
placed in the treadmill for the same period as the exercised ani-
mals, but the treadmill was turned off.
2.3. Body parameters
2.3.1. Weight gain
Weight gain was taken as the difference between weights at
the age of 60 days and 40 days of life. Body weight measurements
were made using a digital electronic scale, with 1010 g capacity
and sensitivity of 0.5 g (ADF 1000 model, Marte Cientíﬁca e In-
strumentação Industrial Ltda, Minas Gerais, Brazil).2.3.2. Lee index
This index was calculated at the beginning and end of the ex-
periments (rats at 40 and 60 days old). It expresses the relation-
ship between the cube root of body weight and the nose-to-anus
length [3√ Weight (g)/NAL (cm)] (Novelli et al., 2007).
2.3.3. Abdominal (AC) and thoracic circumference (TC)
At 40 and 60 days, each animal was contained in a quiet and
noise-free environment, and a tape measure was placed im-
mediately anterior to the forefoot to obtain AC or immediately
behind the foreleg for TC (Novelli et al., 2007). The ratio of AC/TC
was calculated in the same period.
2.4. Cortical spreading depression (CSD) recording
In the four groups, CSD was recorded at 61–81 days of life.
Before recordings, the animals were intraperitoneally anesthetized
with a mixture of 1000 mg/kg urethane plus 40 mg/kg chloralose
(both from Sigma Co., USA). This mixture was used because in the
rat, it provides a very stable anesthesia that lasts for several hours
and does not block CSD (Gorelova et al., 1987). Furthermore, a
tracheal cannula was inserted to improve breathing. For the
measurement, three trephine holes aligned in the anteroposterior
direction and parallel to the midline were drilled on the right side
of the skull (2–4 mm diameter). One hole was positioned on the
frontal bone and used to apply the stimulus (KCl) to elicit CSD. The
other two holes were drilled on the parietal bone (3–4 mm dia-
meter) and used to record the propagating CSD wave. During
surgery and CSD recording, animals breathed spontaneously, and
rectal temperature was continuously monitored and maintained at
3771 °C. CSD was elicited at 20- min intervals by 1 min applica-
tion of a cotton ball (1–2 mm in diameter) soaked in 2% KCl so-
lution (approximately 270 mM) to the anterior hole drilled in the
frontal region. The KCl application was repeated every 20 min for a
total of 4 h. The slow potential changes accompanying CSD were
recorded using two Ag/AgCl agar–Ringer electrodes (one in each
hole) against a common reference electrode of the same type
placed on the nasal bones. The CSD velocity of propagation was
based on the time required for a CSD wave to pass the distance
between the two cortical recording points. This time was mea-
sured using the beginning of the rising phase of the negative SPC
as the initial point, as previously reported (Batista-de-Oliveira
et al., 2012). At the end of the recording session, the animals, while
still anesthetized, were killed by the introduction of a lesion in the
bulbar region with a sharp needle, inserted through the cistern
magna, promptly provoking cardio-respiratory arrest.
2.5. Statistical analysis
Body parameters and CSD velocity were expressed as
mean7standard error of the mean. Intergroup body parameter
differences were compared by using a one-way analysis of var-
iance (ANOVA) for repeated measures followed by the post-hoc
Tukey test. CSD propagation differences were compared by em-
ploying a two-way ANOVA, including the factors of gavage treat-
ment (ﬂuoxetine or water) and exercise condition (exercised or
sedentary) followed by a post-hoc (Holm–Sidak) test, when in-
dicated. Differences were considered signiﬁcant at Po0.05.3. Results
3.1. Body parameters
The animals treated for 21 days with ﬂuoxetine and submitted
to physical exercise presented less (Po0.05) weight gain
Fig. 1. Weight gain between 40 and 60 days. W, E, F, and FE indicate water-only
(n¼8), exercise-only (n¼10), ﬂuoxetine-only (n¼10), and ﬂuoxetineþexercise
(n¼10) groups, respectively. Values expressed as mean 7SEM. n and # denote that
weight gain in FE animals was signiﬁcantly lower (Po0.05) than in the F and E
groups, respectively (one-way ANOVA).
Table 1
Effects of ﬂuoxetine administration and treadmill exercise on body parameters in male
Parameters Age 40 days
W E F FE
Lee index (n¼11) 0.3070.01 0.3070.01 0.3170.03 0.30
TC (n¼12) 10.3771.21 10.9771.24 10.7071.13 10.42
AC (n¼12) 12.6171.63 12.7270.85 13.4171.16 12.79
AC/TC ratio (n¼11) 1.2270.06 1.1770.14 1.2670.08 1.23
TC, thoracic circumference (cm); AC, abdominal circumference (cm). W, E, F, and FE in
respectively. Values are expressed as mean7SD. There was no statistical signiﬁcance (o
Fig. 2. Representative recordings of the slow potential change (P) of KCl-elicited cortical
control group (water-only; W) and one from each of the three experimental groups [exer
for P. CSD was elicited by 2% KCl applied epidurally for 1 min, as indicated by the horizon
posterior to the area of stimulation (at points 1 and 2), and the vertical thinner bars delim
same type was placed on the nasal bones and served as a common reference (R) for th
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(93.3474.77 g) and exercise-only groups (97.0473.48 g; Fig. 1).
The groups did not differ signiﬁcantly for any body measurements
(Lee index, TC, AC) (Table 1).
3.2. Cortical spreading depression
Electrophysiological recordings on the cortical surface of one
Wistar rat from each studied condition (water only, ﬂuoxetine
only, exercise only, ﬂuoxetineþexercise) are presented in Fig. 2.
The slow potential change in the DC potential recordings denotes
the presence of CSD after KCl stimulation. Generally, the topical
application of 2% KCl for 1 min at one point of the frontal cortex in
the right hemisphere elicited a single CSD wave that propagated
without interruption and could be recorded by the two electrodes
at the parietal surface of the same hemisphere. Within a few
minutes after the CSD had been recorded, the slow potential
change gradually returned to the pre-CSD pattern.
Two-way ANOVA of the CSD propagation velocity values
showed that physical exercise alone (F [3,445]¼45.228; Po0.01),Wistar rats.
Age 60 days
W E F FE
70.01 0.3170.03 0.3270.03 0.3170.02 0.3070.03
70.92 13.0371.40 13.3571.24 13.3271.09 12.4070.66
71.38 15.5471.33 15.9271.45 15.7970.92 15.2270.87
70.08 1.1970.09 1.1970.07 1.1970.06 1.2370.07
dicate water-only, exercise-only, ﬂuoxetine-only, and exerciseþﬂuoxetine groups,
ne-way ANOVA).
spreading depression (CSD) of four 61–81-day-old rats, as follows: one rat from the
cise-only (E), ﬂuoxetine-only (F), and ﬂuoxetineþexercise (FE)]. Vertical bars, 10 mV
tal bars over P1 traces. The CSD was recorded by the two cortical electrodes located
it the time spent for a CSD episode to propagate from them. A third electrode of the
e recording electrodes.
Fig. 3. CSD velocities in young adult rats treated, per gavage, during postnatal days
40–60 with ﬂuoxetine (F; 10 mg/kg/d) or an equivalent volume of vehicle (distilled
water, W). Half of the animals in W and F ran on a treadmill on a set schedule from
40 to 60 days of life (groups E and FE). The number of animals in each group varied
between 9 and 10. Values are expressed as mean 7SEM. nCSD velocities in the E
and F groups that are signiﬁcantly lower (Po0.01) than in the control group (W). #
denotes CSD velocities in FE rats that are signiﬁcantly lower (Po0.01) than in the F
group (two-way ANOVA plus Tukey’s test).
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erciseþﬂuoxetine (F [3,445]¼8.878; Po0.01) had signiﬁcant
main effects on CSD propagation. Post-hoc analysis revealed that
treatment with ﬂuoxetine alone (10 mg/kg/d) reduced CSD pro-
pagation velocity (Po0.01) in comparison to water vehicle.
Mean7SD for the ﬂuoxetine-only group was 3.0370.35 mm/min
versus 3.2470.39 mm/min for the water controls. Similarly, ani-
mals in the exercise-only group had lower CSD velocity values
(Po0.01) than those in the water-only group. The mean7SD for
the exercise-only group was 2.9670.23 mm/min. The combina-
tion of physical exercise and ﬂuoxetine administration also re-
sulted in reduced CSD velocity, as expected (mean7SD,
2.9270.22 mm/min). Compared to the ﬂuoxetine-only group, the
mean CSD value for ﬂuoxetineþexercise was signiﬁcantly reduced
(Po0.01); however, it was similar to the value for the exercise-
only group (P¼0.35) (Fig. 3).4. Discussion
The results of this study provide the ﬁrst evidence that ﬂuox-
etine treatment (10 mg/kg) in association with physical exercise
on a treadmill exerts an antagonistic effect on the brain excit-
ability–related phenomenon CSD. Exercise alone does so, as well,
in agreement with previous studies showing that physical exercise
can antagonize CSD propagation (Batista-de-Oliveira et al., 2012;
Monteiro et al., 2011). Those studies involved a similar protocol of
treadmill physical exercise, but the exercise was performed in rats
in an earlier phase of life (15–35 days of life) than in the current
work. In rats, lactation period (1–21 days of life) includes the
“brain growth spurt” window, which is considered very critical
and sensitive to adverse environmental conditions (Morgane et al.,
1993). In those cases, physical exercise early in life produced a
long-lasting effect because its antagonistic action was recorded
even in adulthood, when the treadmill activity was no longer
performed.
Fluoxetine treatment during the lactation period also impairs
CSD propagation; however, the effect at 10 mg/kg was lower than
at 20 mg/kg, which had the same effect as a 40 mg/kg dose
(Amâncio-dos-Santos et al., 2006). In the present study, both
physical exercise and ﬂuoxetine treatment were carried out during
the juvenile period, with signiﬁcant effects, indicating thatenvironmental inﬂuences may play a role in phases of life other
than the earliest developmental periods. These robust effects on
CSD are intriguing because adolescence also represents an im-
portant developmental stage that is susceptible to several neuro-
physiological impacts from environmental experiences (Boutros
et al., 2015; Gomez et al., 2014).
Physical exercise improves regional cerebral blood ﬂow (Nish-
ijima et al., 2012; Viboolvorakul and Patumraj, 2014) and seems to
regulate cerebral angiogenesis through vascular endothelial
growth factor and insulin-like growth factor, which can increase
brain ischemic tolerance (Wang et al., 2014; Zhang et al., 2011). On
the other hand, CSD inﬂuences cerebral blood ﬂow (Sun et al.,
2011), and brain ischemia is strongly related to CSD (Ferrari et al.,
2015).
In addition to angiogenesis, neurogenesis has been proposed as
a structural plasticity phenomenon promoted by practicing phy-
sical exercise. Ferreira et al. (2011) showed a positive effect of
short-term, moderate treadmill exercise on hippocampal plasti-
city. That effect was independent of transcriptional processes and
of brain-derived neurotrophic factor upregulation and occurred
even in the presence of increased corticosterone levels. This neu-
rogenic stimulus is suggested to have positive effects on mood,
learning, and memory in both humans and rodents (Beckman and
Santos, 2013). Physical exercise also induces synaptogenesis
(Hötting and Röder, 2013). Altogether, an increase in the number
of neurons as well as of synaptic connections plausibly might
augment the distance in cell–cell communication, which could be
responsible for reducing CSD velocity in the exercised condition.
Moderate physical exercise is a known method of enhancing
the glycolytic and oxidative systems, and treadmill exercise (30 m/
min for 30 min, 5 days a week for a consecutive 3-week period)
enhances cerebral glycolysis in rats and is associated with an in-
crease in brain levels of the glucose transporters 1 and 3 (Kinni
et al., 2011). Thus, exercise improves the brain's ability to use
glucose. In addition to these effects on cerebral metabolism, phy-
sical exercise appears to be important to protect brain tissue from
oxidative damage (Cechetti et al., 2012). In one study in rats,
treadmill running for 12 weeks inhibited the oxidative state and
increased antioxidant capacity in the hippocampus after perma-
nent bilateral occlusion of the common carotid arteries (Cechetti
et al., 2012). This outcome suggests that the brain's antioxidant
machinery is activated in response to excessive generation of free
radicals. Previous studies involving neuroexcitability showed that
both high plasma glucose levels (Ximenes-da-Silva and Guedes,
1991) and antioxidant administration (Abadie-Guedes et al., 2012)
are associated with low CSD velocity values. Thus, we speculate
that the treadmill exercise that the rats performed in this work
may have promoted improvement in the metabolic and anti-
oxidant response, which could be responsible for the decelerating
effect on CSD propagation velocity.
Physical exercise stimulates and increases serotonin release in
the brain; for example, in one study, exercise (12 m/min for 1 h)
increased extracellular serotonin levels in a time-dependent
manner in the hippocampus of fasted rats (Meeusen et al., 1996).
One possible explanation is that exercise-induced lipolysis in-
creases free tryptophan in the blood, promoting a parallel aug-
mentation in brain tryptophan and, in turn, serotonin synthesis/
metabolism. In another study, voluntary wheel running for
4 weeks increased hippocampal levels of serotonin and the mRNA
of receptor 5-HT1A (Wang et al., 2013). Moreover, an antagonistic
effect on CSD propagation of increasing brain serotonin availability
has been demonstrated ([Amâncio-dos-Santos et al., 2006,Guedes
et al., 2002]). Thus, this probable role of physical exercise in acti-
vating the serotoninergic system could explain its effect on CSD.
However, it is highly likely that it is not the only mechanism be-
cause treadmill exercise per se had a more pronounced effect than
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In addition to ﬂuoxetine, other serotoninergic drugs that in-
crease serotonin activity in the brain promote the same antag-
onistic effect on the electrophysiological phenomenon. Examples
include D-fenﬂuramine, a serotonin releaser (Cabral-Filho et al.,
1995); sumatriptan, a serotonin agonist (Read and Pearsons,
2000); and another SSRI, citalopram (Guedes et al., 2002). In
contrast, tianeptine, a serotonin reuptake enhancer, facilitates CSD
propagation (Amâncio-dos-Santos et al., 2013). Therefore, the
present results support the hypothesis of CSD modulation by ser-
otonin-dependent processes. In this study, ﬂuoxetine was ad-
ministered orally; however, its action on neural excitability was
similar to that identiﬁed in the above studies using other admin-
istration routes, including i.p., s.c., and topical application. The oral
route is the most typical in the clinical context.
To the best of our knowledge, the present data constitute the
ﬁrst report of an effect of combined ﬂuoxetine treatmentþphysi-
cal exercise on CSD in juvenile rats. An additional main ﬁnding
was that physical exercise decreased CSD more than ﬂuoxetine
did, as also observed by Wen et al. (2014) in another experimental
paradigm. They found that serotonin levels were elevated in the
raphe nuclei of treadmill-exercised animals more than in the
ﬂuoxetine-treated ones. Moreover, these authors reported that
exercise prevented raphe nucleus mitochondrial overactivity in a
rat depression model. The current ﬁndings allow us to speculate
about whether physical exercise could replace or complement
serotoninergic drug administration in the treatment of brain-re-
lated pathology, such as depression, in the juvenile phase of life.
Concerning body weight data, the group that performed phy-
sical exercise and received ﬂuoxetine treatment presented at 60
days of life with less weight gain than all other groups. However,
the groups performing only treadmill exercise or having ﬂuox-
etine-only treatment did not differ from the water control. Simi-
larly, Li et al. (2014) showed that animals exercised on a treadmill
for 8 weeks did not present signiﬁcant changes in body weight
compared to the sedentary group. Additionally, Gollisch et al.
(2009) found no weight alteration in rats engaging in exercise on
wheels and suggested that a signiﬁcantly higher caloric intake
probably compensated for the higher energy expenditure from the
exercise. The current results also conﬁrm a previous study from
our group of no difference in body weight between exercised and
sedentary young rats (Monteiro et al., 2011).
Regarding ﬂuoxetine effects on body weight, our ﬁndings are in
agreement with those of Klomp et al. (2014) of no effect of
ﬂuoxetine treatment on weight gain in adolescent rats. Fluoxetine
administration seems to reduce lab chow consumption during the
ﬁrst days of treatment, reaching a steady state after the ﬁrst week
(Gamaro et al., 2008). However, serotonin is a well-known satiety
promoter in both humans and experimental animals ([Guimarães
et al., 2006,Leibowitz et al., 1990]), which could result in body
weight reduction. In this study, the reduction in body weight gain
could be seen only when two serotonin-enhancing conditions
were combined.
Generally, body parameters such as the Lee index, TC, and AC
are used to verify adverse effects on body growth in laboratory
animals (Novelli et al., 2007). In considering the possible serotonin
effects on body weight, we decided to analyze those parameters
here and found no differences among groups for any of them. From
this ﬁnding, we infer that ﬂuoxetine treatment and/or physical
exercise did not appear to signiﬁcantly affect body growth. Further
studies are necessary to better clarify the possible mechanisms
involved in the effect of serotonin on these endpoints.
5. Conclusion
Based on the current results, treadmill exercise by itself hadgreater effects than ﬂuoxetine on neuronal excitability. In addition,
the velocity of CSD propagation was similar between exercised and
ﬂuoxetineþexercise groups. These results highlight the value of
physical exercise as a putatively useful strategy in the treatment of
important diseases, such as depression and migraine. In fact,
physical exercise is already prescribed as a behavioral measure to
alleviate the symptoms of depression (Cooney et al., 2013), and
these results reinforce this approach. Moreover, neither physical
exercise nor ﬂuoxetine treatment alone affected body weight, in-
dicating that these manipulations did not impair the physical de-
velopment that occurs in the juvenile phase of life.Conﬂict of interest
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